Context: In animal models, disruption of thyroid hormone (TH) receptor-b (TRb) reduces the long/medium wavelength (L/M) and increases the short-wavelength (S) cones. Retinal photoreceptor (RP) functions are unknown in patients with resistance to TH syndrome (RTHb) with dominant-negative TRb mutations.
Conclusions:
We report, to our knowledge, the first in vivo evidence of functional defects of RP in RTHb. These changes occur independently of endogenous TH levels or the prenatal exposure to high or normal maternal TH. (J Clin Endocrinol Metab 102: 2620-2627, 2017) R etinal photoreceptors (RPs) are specialized neurons that absorb and convert light into electrical signals by means of specific light-sensitive proteins, called opsins. In vertebrates, there are two types of RPs: the rods, which are extremely sensitive to photons, thus allowing vision in dim light, and the cones, which require brighter light and are responsible for color vision (1) .
In humans, there are three different cone subtypes, each expressing a single opsin with a peak of sensitivity to the long wavelength (L), medium wavelength (M), or short wavelength (S) corresponding to the red, green, or blue region of the spectrum of light, respectively (2, 3) .
Thyroid hormones (THs) exert a crucial role in the development of RPs in different species, as suggested by the expression within the retina of different components involved in the regulation of TH actions, such as the TH receptor isoforms b-1 (TRb1) and b-2 (TRb2) (4) and the type-3 deiodinase (Dio3) (5) .
In mice, although both the isoforms of TRb are expressed in the retina, only the TRb2 isoform has a functional effect on RPs. In fact, the selective deletion of this isoform is associated with retinal abnormalities, which are not compensated by the preservation of TRb1 (6) .
In rodents, the differentiation of RPs is mediated by two transcription factors, namely the neural retina leucine zipper protein, which drives photoreceptors precursors toward a rod outcome, and TRb2, responsible for the commitment of L/M cones (6, 7) . Because the deletion of neural retina leucine zipper protein or TRb2 causes a compensatory increase of the S cones, these latter should represent the default cone differentiation (8) . Interestingly, the TRb2 appears responsible for the correct distribution of L/M cones, which display a higher concentration in the dorsal compared with the ventral retina (4, 9) . Also in zebrafish, TRb is crucial for the differentiation of L-cone opposed to ultraviolet-cone (homolog of mouse S-cone) fate (10), although its effects seem to occur at an earlier stage of RP precursor development, compared with rodent.
The mechanism of RP differentiation mediated by TRb2 is strictly controlled by the activity of Dio3 in the retina, which inactivates T3, thus protecting cones from overstimulation by TH (11) . Excessive T3 exposure as found in the Dio3 knockout mice causes depletion of cones in the retina. This mechanism of neurotoxicity is TRb2 dependent, because the deletion of this nuclear receptor rescues the cones, which develop as S subtype (11) .
In humans, TRb2 is expressed in the central foveal cones by fetal week 12 (12); however, its exact role in the RP commitment is unknown.
The distribution of RPs in the central fovea resembles the murine dorsal retina, where cones express M/L opsins. In contrast, the perifoveal rim cones express S opsin at much higher levels compared with M/L opsin, similarly to what was reported in the ventral mouse retina (13) .
These data suggest that TRb2 in the human retina may have a similar role as found in rodents, and its disruption may affect the RP differentiation.
Resistance to TH syndrome (RTHb) is a rare autosomal dominant condition associated with mutations in the THRB gene, coding for the two isoforms TRb1 and TRb2.
Consequently, these patients represent an invaluable natural model to study the effect of impaired TH actions in the retina.
Monochromacy has been reported in families with homozygous THRB deletion (14) (15) (16) (17) . More recently, a child compound heterozygous for R338W and R429W THRB mutations was found to have severely reduced L/M-cone and increased S-cone responses (18) . To establish whether heterozygous dominant-negative THRB mutations responsible for RTHb can cause cone disorders, we studied 27 patients affected with RTHb and 31 controls. We performed both clinical and electrophysiological tests to in vivo investigate cone and rod function.
Participant Recruitment Process
RTHb patients were selected among cases previously submitted to our laboratory for the molecular analysis of THRB gene. We did not recruit any patient who was younger than 18 and older than 50.
Those patients who expressed an interest in the study were submitted to a questionnaire to assess their general health, the presence of defects of ocular refraction, and the use of medications. In particular, patients with any known systemic disease, including adequately compensated diabetes and arterial hypertension, glaucoma, or other ocular diseases, were excluded.
Conversely, healthy controls were recruited among the personnel of the Endocrine Unit, Ophthalmology and Nuclear Medicine Departments, of Fondazione Istituto Di Ricovero e Cura a Carattere Scientifico Ca' Granda. We included in the study only subjects with normal bestcorrected visual acuity in the absence of any eye abnormalities or disease, including refractive errors higher than 63 diopters.
Our study obtained approval from a research ethics committee, and the subjects investigated gave written informed consent to participation.
Patients
We studied 27 RTHb patients (10 men and 17 women; mean age, 36 years; range, 19 to 49 years), and 26 of them harbored dominant-negative mutations located in known hotspot regions of the THRB gene, whereas one was classified as having a no-TH receptor RTHb.
None of the RTHb patients included in the study were taking medications, except for calcium carbonate and cholecalciferol for osteopenia (19 out 27 patients) and oral contraceptives (1 out 17 women); one patient was taking levothyroxine as she was submitted to total thyroidectomy for papillary thyroid cancer.
We also studied 31 age-and sex-matched healthy controls (10 men and 21 women; mean age, 34 years; range, 20 to 49 years) ( Table 1 ). None of the controls were taking medications, except for oral contraceptives (8 out of 21 women) or cholecalciferol supplementation (3 out of 31 patients).
Methods

Thyroid function
Thyroid stimulating hormone (TSH), free triiodothyronine (FT3), and free thyroxine (FT4) levels were measured by electrochemiluminescent immunoassay (Roche Diagnostics, Basel, Switzerland). Sex hormone-binding globuline (SHBG) levels were measured by an immunometric chemiluminescence assay (Immulite 2000 SHBG Test; Siemens Health Care Diagnostics, Erlangen, Germany) in patients who were not taking estroprogestin oral contraception. We expressed the SHBG as a ratio between serum levels and the upper normal value, because the reference values of SHBG differ in men and women (20 to 57 nmol/L and 18 to 144 nmol/L, respectively).
Color vision test
Color vision sensitivity was assessed by a Farnsworth-Munsell 100-Hue Test (19) , consisting of 85 colored caps arranged in four boxes, each containing a fixed anchor cap at each end.
The accuracy of an observer in arranging the caps to form a gradual transition in chroma between the two anchor caps can be measured by computing the total error score (TES), which is the sum of the partial error scores for every cap; the higher the number of misplacements, the larger the TES (20) . Thus, this parameter directly relates to the severity of defective color vision. TES was computed according to the user's manual of the FarnsworthMunsell 100-Hue Test. As previously suggested, we also measured the square root of TES (√TES) to obtain a nearer normal distribution for the statistical analysis of the data (21).
Spectral-domain optical coherence tomography
Optical coherence tomography (OCT) is an in vivo imaging technique that performs high-resolution, cross-sectional tomographic imaging of the microstructure of the retina. OCT gives a sort of in situ and in real-time optical biopsy, which generates images one to two orders of magnitude finer than standard ultrasound.
All patients underwent spectral-domain OCT imaging (Spectralis; Heidelberg Engineering, Heidelberg, Germany) of the central retina (macula). In particular, we measured the thickness of the outer nuclear layer (ONL). This retinal layer contains the cell bodies of rods and cones and provides an indirect, noninvasive measure of photoreceptor survival, when studying models of retinal degeneration in human and mouse eyes (22) .
A macular thickness map was generated automatically by the built-in software of the device, providing measurements of three concentric macular rings: central, inner, and outer. We used measurements of the central macular thickness (CMT), the inner temporal (T1), nasal (N1), superior (S1), and inferior (I1) sectors, and the outer temporal (T2), nasal (N2), superior (S2), and inferior (I2) sectors. (See the Supplemental Methods for details.)
Electrophysiological tests
The electrophysiological tests are a noninvasive tool for assaying retinal function.
We performed electroretinogram (ERG) in 17 RTHb patients and in 31 controls using the Retimax recording system (CSO, Florence, Italy).
The reader is referred to the current International Society for Clinical Electrophysiology of Vision standardized recording Full-field ERG is a global retinal response to a full-field flash stimulus and arises largely in the photoreceptor (a-wave) and inner nuclear layers (b-wave) of the retina. Modification of stimulus parameters and the adaptive state of the eye enable separation of the function of rod and cone systems.
The scotopic ERG includes the (dark-adapted) DA 0.01 ERG, a rod-driven response of bipolar cells, the DA 3 ERG, a combined response arising from photoreceptors and bipolar cells of both the rod and cone systems (rod dominated), and the DA 10 ERG, a combined response with enhanced photoreceptor function. The fotopic ERG includes the light-adapted (LA) 30-Hz ERG, the responses of the cone system (arising from cone photoreceptors and from on-and off-cone bipolar cells), and the LA 3.0 ERG, a sensitive cone pathway-driven response.
Because no standardized protocol is available, we recorded the S-cone ERG as previously described (24) 
Statistics
All values are expressed as the mean 6 standard deviation. Analysis by the Fisher's exact test, Mann-Whitney U test, or Spearman correlation test was applied as appropriate and performed using SPSS 8.0 for Windows. Statistical significance was defined as P , 0.05.
Results
Endocrine assessment
RTHb patients displayed the typical features of their syndrome such as the biochemical picture of inappropriate TSH secretion and goiter (Table 1) .
Consistently, FT3 and FT4 levels were significantly higher in RTHb patients than controls (Mann-Whitney U test, P , 0.0001), whereas the serum TSH levels were similar in the two groups (Table 1 ).
An associated autoimmune thyroiditis [defined as the presence of positive antithyroid antibodies and/or a typical hypoechoic ultrasonographic (US)-scan pattern] was present in 6 of 31 controls and 11 of 27 RTHb patients (Fisher's exact test, P = 0.15).
Fifty-two percent of RTHb patients had goiter, whereas thyroid enlargement was not present in any of the controls (Fisher's exact test, P , 0.0001).
Ten patients inherited the disorder from the mother and 9 from the father, 6 carried de novo mutations, and in the remaining 2 cases, the inheritance was unknown, as their parents were deceased and no other relatives were available.
No significant differences were found between patients with maternal and paternal or de novo inheritance with regard to FT3, FT4, or the presence of goiter.
Color vision and OCT assessment
Color vision sensitivity was impaired in RTHb patients, as the number of misplacements in arranging the caps of different hues, measured by TES and √TES, was significantly higher in RTHb patients compared with controls (Mann-Whitney U test, P = 0.002 and P = 0.002, respectively) ( Table 2) .
We did not find differences in color sensitivity between men and women either in patients or controls.
CMT measured by OCT was not different between the study groups, in particular, mean 6 standard deviation CMT was 106.6 6 16.6 mm and 112 6 13.8 mm in RTHb patients and controls, respectively (MannWhitney U test, P = 0.07) ( Table 2 ).
In particular, the mean thickness of each sector analyzed (namely the N1, S1, T1, I1, N2, S2, T2, and I2 sectors) was not statistically different between patients and controls, as shown in Table 2 .
We found a significant and positive correlation between the degree of dyscromatopsia measured by √TES and age, but only in the RTHb patients (Spearman, r = 0.4, P = 0.047), whereas no significant correlations were found between √TES, FT3, and FT4 serum levels and CMT in both the study groups (data not shown).
In RTHb patients, the SHBG ratio was significantly and positively correlated with CMT (Spearman, r = 0.5, P = 0.029) (Fig. 1) .
Finally, no significant differences were found between patients with maternal and paternal or de novo inheritance with regard to TES, √TES, CMT, and SHBG ratio (data not shown).
Electrophysiological assessment
In the scotopic ERG, the DA 0.01 ERG and DA 10 ERG were significantly reduced in the RTHb patients when compared with controls (Mann-Whitney U test, P = 0.006 and P = 0.009, respectively), whereas no differences were found in the DA 3 ERG (Mann-Whitney U test, P = 0.43) ( Table 2) . More in detail, the amplitude of the b-wave DA 0.01, DA 10, and DA 3 ERGs in RTHb patients was reduced to about 15%, 10%, and 5% of controls, respectively (Table 2) , consistent with impairment of rod function.
In the photopic ERG, the LA 30-Hz flicker ERG was significantly lower in RTHb patients than controls (Mann-Whitney U test, P = 0.024) ( Table 2) , whereas the LA 3.0 ERG, although not statistically significantly different between patients and controls, was approximately 10% lower in RTHb patients. These findings are consistent with a cone dysfunction.
The amplitude of the L/M-cone response was significantly lower in RTHb patients than controls (MannWhitney U test, P = 0.027), whereas no differences were found with respect to the b-wave amplitude of the S cones (Mann-Whitney U test, not significant) ( Table 2) .
No significant correlations were found between all the electrophysiological parameters, mean TES, √TES, CMT, FT3, and FT4 levels, and SHBG ratios for comparisons between patients with maternal or paternal and de novo inheritance (data not shown).
Discussion
Our study provides, to our knowledge, the first in vivo evidence that patients with RTHb due to heterozygous dominant-negative mutations of the THRB gene display both qualitative and quantitative functional defects in RPs.
Remarkably, the strength of our study is the inclusion of RTHb subjects without any associated eye diseases or risk factors for retinopathies. We believe that such a careful selection of the cases allowed us to obtain reliable information about RP functions in RTHb.
Both subjective color sensitivity measured by Farnsworth-Munsell 100-Hue Test and objective functions of RPs quantified by electrophysiological tests were impaired in RTHb patients compared with age-and sexmatched controls.
In detail, we show a derangement of L/M-cone function and provide, to our knowledge, the first evidence that rod responses are also affected in heterozygous RTHb patients.
At present, an impairment of RP functions has been demonstrated only in patients affected with homozygous deletions of the TRb gene (14) (15) (16) (17) and, more recently, in a compound heterozygous RTHb child (18) .
In the current study, we found both similarities and divergences in the retinal phenotype between our patients and these exceptional cases of severe TH resistance.
In particular, the cone photoreceptor dysfunction found in our RTHb cohort is milder, when compared with homozygous/compound heterozygous cases.
In fact, when both alleles of the THRB gene are affected, the photopic ERG response is severely impaired (16, 18) , whereas in conventional heterozygous RTHb patients, we found a 10% reduction of the cone response Figure 1 . Correlation between CMT and SHBG in RTHb. The graph shows a significant correlation between CTM and SHBG expressed as fold of the upper limit of normal range. to a single flash of light, associated with a significant impairment of response to flickering lights, which selectively study the cone functions. We hypothesize that the extent of the retinal dysfunction is related to degree of insensitivity to TH, as suggested by the significant and positive correlation between retinal ONL thickness and SHBG. Being that the latter is secreted by a TRb-dependent tissue such as the liver, lower SHBG levels might be considered as a marker of more severe resistance to TH. The ONL is the layer of the retina where the cell bodies of rods and cones are located. Thus, patients with higher resistance to TH display a thinner retinal ONL, possibly as a consequence of a reduced number of L/M cones, which are mainly located in the center of the macula.
In the compound heterozygous child described by Weiss et al. (18) , an increased S-cone response along with a severely reduced L/M-cone component was reported. In contrast, in our cohort, such compensatory increase of the S-cone response was not found.
The lack of increase of the S-cone responses in RTHb is probably due to the heterogeneous effect of different THRB mutations, as previously reported in mice by Pessôa et al., in which, according to the different mutations, the reduction of the M opsin can be associated with a normal S opsin expression (25) .
Accordingly, with such heterogeneity, in this series, we have not found a direct genotype-phenotype correlation because the defect of photoreceptor functions was not correlated with the degree of impairment of mutant receptor binding to T3 in vitro. As an example, p.R243Q causes no significant impairment of T 3 binding affinity in vitro (26) , despite the severe retinal impairment. However, this is not surprising because several different molecular mechanisms beyond receptor binding affinity are involved in the determination of the disease at the different tissue levels (27) .
Our observation that RTHb patients display impaired scotopic responses, consistent with rod dysfunction, is similar to that reported for enhanced S-cone syndrome (Online Mendelian Inheritance in Man 268100), a rare autosomal recessive retinal dystrophy (28) associated with mutations in NR2E3 gene leading to abnormal differentiation of postmitotic photoreceptor precursor cells, altering their cell fate from rod to S cone (29) . In enhanced S-cone syndrome, the rod-specific ERG is undetectable, the 30-Hz flicker ERG is lower in amplitude than the single-flash photopic ERG a-wave, and the S-cone ERG shows highamplitude, delayed, and simplified responses (30) .
Interestingly, these findings are somewhat in conflict to what was described by Weiss et al. (18) , who showed a preserved, DA ERG response in one single case. Furthermore, Thrb -/-mice have normal rod responses (6).
The presence of a toxic effect of a long-term exposure to high levels of TH, which are typical in RTHb, may explain this discrepancy. As described by Ma et al. (31) , T3 treatment impaired both cone and rod viability in two mouse models of inherited retinal degeneration, namely the cyclic nucleotide-gated channel B subunit-deficient (Cngb3 -/-) and guanylate cyclase 2e-deficient (Gucy2e) mice. Conversely, in the cone photoreceptor function loss type 1 (cpfl1) mice (a model of achromatopsia), the suppression of TH signaling by thionamides and sodium perchlorate treatment did not alter rod survival, whereas it significantly increased cone density (31) . Interestingly, the DIO3 -/-model described by Ng et al. (11) displays a slightly reduced rod function, further confirming the toxic effect of high tissue levels of TH, which are locally increased as a consequence of the absence of this enzyme, responsible for T3 inactivation. These authors suggested three different explanations for this toxic effect of T3 on rods. In particular, as the TRb2 expression is restricted to cones, rod loss might be mediated by TRa, which seems to be expressed in the retina, (6) or, alternatively, by the TRb1 isoform (6, 25) . In addition, the rod impairment might also be an indirect effect, due to a primary cone loss as a result of the lack of cone-released factors or loss of anatomic connections between rods and cones, as described in human achromatopsia (32) .
Nevertheless, the exact role of TH signaling in rod development remains elusive, as the majority of the study has mainly addressed the cone functions (3-11, 13, 25) . This study therefore opens unique research perspectives on such issue.
We also evaluated the possible impact of the antenatal exposure to high TH in RTHb, as maternal TH levels influence neurogenesis. With regard to the retina, in the DIO3 knockout mouse model, maternal hypothyroidism obtained with thionamide treatment partially rescued cones (11) . T4 treatment of rainbow trout oocytes results in loss of ultraviolet-sensitive cones in the juvenile fish, suggesting that maternal levels of TH might alter the retinal development of the embryo (33). This hypothesis is not supported by our results, as no significant differences were found between patients with maternal compared with patients with paternal or de novo inheritance. However, it is possible that high maternal TH might not reach the offspring photoreceptors, as both placenta and retina express high concentrations of DIO3 that inactivate T3.
Therefore, we hypothesize that the dysfunction observed in RTHb is mainly due to the disruption of TRb receptor in the retina, which causes a reduction of the number of L/M cones. This is similar to what has been found in mice, in which the TRb2 deletion is associated with a developmental failure to form M cones rather than a degenerative loss.
In conclusion, we have reported functional defects of retinal cones and rods in conventional heterozygous RTHb patients.
In particular, a dysfunction of L/M-cone component was associated with impaired scotopic responses, suggesting developmental abnormalities also of rods.
Interestingly, these changes occur independently of serum endogenous TH levels or the prenatal exposure to high or normal maternal TH.
